Abstract: Herein, we report a finite element method simulated near-field spectra of single nanoshell dimers placed over nano-and microscale dielectric substrates. The simulations have been carried out on an individual basis for the top and bottom illuminated nanodimers with a plane wave and a focused Gaussian beam. Only one peak has been observed in the near-field spectra of free-standing and nano-scale substrate-supported nanodimers, due to the constructive coupling of fundamental modes of nanoshells at the nanogap. The wavelength location of the peak has been slightly red shifted in the presence of the nanoscale dielectric substrate. But, the obtained spectra have been found nearly independent with the type and direction of propagation of excitation light (k exc ). However, multiple peaks have been noticed in the near-field spectra in the presence of microscale substrates due to the constructive coupling of lower as well as higher order modes (multipolar modes) of nanoshells at the nanogap. In contrast, the near-field spectra have been found sensitive to all dimensions of the substrate, the type of excitation light, and the direction of (k exc ). Moreover, the far-field scattering spectra of a microscale substrate supported nanodimers have also been found sensitive to the direction of (k exc ).
Introduction
In recent years, nanoplasmonics has attracted the attention of researchers due to its remarkable applications ranging from surface enhanced spectroscopy, sensing, nonlinear optics, metamaterials, color pixel generation, light-activated cancer treatments and the enhancement of light absorption in photovoltaics and photocatalysis [1] - [9] . For most of the applications, plasmon-active substrates were fabricated by placing metal nanoparticles on dielectric/semiconductor/metal substrates [2] , [10] . The near-and far-field spectra of substrate-supported nanoparticles are intensely dependent upon size, shape, dimensions, and electric permittivity of the nanoparticles, the surrounding medium, and the substrate [11] - [15] . The quasi-static and electrodynamic theories were widely used to understand the dependence of the plasmonic properties of isolated nanoparticles on the substrates [16] . But both the theories assume that the substrate was semi-infinite. Thus, these are not useful for studying the finite substrate-supported plasmonic nanoparticles [17] .
Alternatively, finite element method (FEM) and finite difference time domain (FDTD) method were used to investigate the role of finite substrate on plasmonic properties of isolated nanostructures [13] , [17] , [18] . The length and thickness of the substrate were fixed at a few tens of nanometers [13] , [17] , [18] due to the limitation of computing facility [17] . Some of the numerical results were used to explain the experimental results [19] - [24] . This clearly indicates that the numerical simulations alone are sufficient to understand the plasmonic properties of substrate-supported nanoparticles.
Recently, finite dielectric substrate-supported nanoplasmonic dimers have played significant role in the field of nanoplasmonics due to the large near-field at the nanogaps and wide plasmon resonance wavelength tunability [13] , [18] , [24] , [25] . Even though the plasmonic properties of the free-standing coupled nanoparticles are explored to a great extent using the methods mentioned above [26] , only one report existing in the literature related to the numerical study of substratesupported plasmonically coupled nanoparticles so far. The existing report fully emphasized only on the nanocube dimers placed over nano-scale dielectric substrates [27] . However, to the best of our knowledge, the effects of type and propagation direction of excitation light (k exc ) on the plasmonic properties of nano-and micro-scale dielectric substrates-supported spherical nanodimers are not reported in the literature.
Therefore, herein, we report (i) the near-field spectra of free-standing nanoplasmonic dimers excited with plane wave (PW) and focused Gaussian beam (FGB), (ii) the near-field spectra of top and bottom illuminated nano-and micro-scale substrates-supported spherical nanodimers with PW and FGB, and (iii) the far-field scattering spectra of top and bottom illuminated micro-scale substrate-supported nanodimers with PW.
Numerical Methodology
To study the dependence of the plasmonic properties of nanodimers on dimension of the dielectric substrate, the type of excitation light, and direction of k exc , the four different arrangements were considered as shown in Fig. 1 and 3D modelling of all the arrangements were done in COMSOL Multiphysics 5.0 commercial software package. The frequency domain FEM solver in RF module was used to study the optical response of finite substrate-supported plasmonic core-shell nanodimers. Panels (a) and (b) show the illustrations of the arrangements of top illuminated substrate-supported nanodimers with PW and FGB, respectively. In these two cases, the vector k exc is in the downward direction as shown these Panels. The illustrations of bottom illuminated substrate-supported nanodimers with PW and FGB are shown in Panels (c) and (d), respectively. Thus, the vector k exc is in the upward direction in these cases.
The near-field spectra (plots of maximum electric field at nanogap (E N G ) vs wavelength of excitation light) and far-field scattering spectra were obtained using FEM [28] . For all the simulations, the values of dielectric (silica) core radius, metal (gold) shell thickness, nanogap size, electric permittivity of the substrate (silica substrate), and amplitude of the incident electric field (E 0 ) at the location of nanodimers were kept at 15 nm, 5 nm, 4 nm, 2.25 and 1 V/m, respectively. The refractive indices values of the gold for different wavelengths were taken from Ref. [29] . The thickness (t) and diameter (d) of the cylindrical substrate were varied from nanometer to micrometers. The electric field of excitation light was kept parallel to the dimer axis in all cases. The perfectly matched layer of suitable dimensions was used to eliminate undesired bottom reflections. The finite element mesh size was 1 nm for all simulations for better computational accuracy.
Results and Discussion
This section is organized as follows. In Section 3.1, the near-field spectra of free-standing or isolated nanoshell dimer obtained with PW and FGB excitation are given. Sections 3.2 and 3.3 show the effect of near-field spectra of nanoshell dimer placed over nano-scale and micro-scale substrates, respectively. Finally, the far-field scattering spectra of nanoshell dimers placed over micro-scale substrates are given Section 3.4.
Near-Field Spectra of Free-Standing Nanoshell Dimers
The numerical investigation was done on free-standing nanodimers for understanding the influence of finite dielectric substrate on near-field spectra of nanodimers. Panels (a) and (b) of Fig. 2 show the near-field distribution of nanoshell dimers excited with PW and FGB of wavelength 580 nm, respectively. The dashed line indicates the dimer axis and for this calculation, the electric field of the incident light was kept parallel to the dimer axis. From these figures, it is apparent that the electric field enhancement is more in the gaps between the nanoshells (nanogaps) due to the strong plasmon-plasmon coupling [30] , [31] . According to the quasi-static theory, for parallel polarization the electric field acts upon each nanoshell in the nanodimer is given by [20] ,
(1)
where E inc,1 and E inc,2 are the amplitudes of the electric field interacting with the nanoshell 1 and 2, respectively. P 1 and P 2 are the induced polarizations in nanoshell 1 and 2, respectively. L is the center to center interparticle distance. It is important to note that the above mentioned two equations assume nanoshells as point dipoles and therefore these can only be used for qualitatively estimating the response of dimer to the electromagnetic field. Panel (c) shows the near-field spectra of nanodimer illuminated with PW and FGB. Only single peak is observed in each spectrum due to the constructive overlapping of fundamental (low order) modes of localized surface plasmons of nanoshells at the nanogap. The wavelength location of the peak is nearly independent with the type of excitation light. The observed maximum electric field values at the nanogap are slightly smaller in the case of FGB illumination. However, based on these, it is easy to conclude that even though the nanodimers are excited by FGB, for understanding the plasmonic properties, we can use "plane wave approximation" while performing the numerical simulations. Here it is important to note that the direction of k exc does not play any role on the near-field spectra of free-standing nanodimers due to the isotropic surrounding medium.
Near-Field Spectra of Nanoshell Dimers Placed Over Nano-Scale Dielectric Substrates
Panels (a) and (b) of Fig. 3 show the near-field distribution of top and bottom illuminated single nanoshell dimers placed over nano-scale dielectric substrates. Due to the strong plasmon-plasmon coupling [32] , it is apparent that the electric field is significantly larger at the nanogaps between the nanoshells rather than at the nanogaps between the nanoshells and dielectric substrate. The near-field spectra of substrate-supported nanodimers obtained for four different arrangements are shown in Panel (c). In all cases, only one peak is present in the near-field spectra as in the case of free-standing nanodimers (panel (c) of Fig. 2 ) due to the reason mentioned above. Even though, they have identical peak shapes, it's peak wavelength is slightly red shifted as compared with that obtained for free-standing nanodimers. This clearly indicates the weak dielectric perturbation (or anisotropy) introduced by the dielectric substrate. From Panel (c), it is also clear that in the case of top illumination of the nanodimers with the PW, the electric field at the nanogap is just 1.4 times larger at its peak wavelength as compared with the other cases. However, based on these points we can easily conclude that the "plane wave approximation" is also valid for performing numerical simulations for understanding the plasmonic properties of substrate-supported nanodimers illuminated by FGB, as long as the substrate dimensions are in the order of nanometers. In addition, the wavelength location of the of the peak is independent with the type of excitation light and direction of k exc , which indicates that the strength of the dielectric perturbation is nearly independent with the type of excitation light as well as the direction of k exc . 
Near-Field Spectra of Nanoshell Dimers Placed Over Microscale Dielectric Substrates
After finishing numerical investigation on the nano-scale substrate-supported nanodimers, the dimensions of the substrate were increased to a few micrometers and numerical simulations were performed. Panel (a) of Fig. 4 represents the obtained near-field spectra of single nanoshell dimer excited by using 4 different configurations as shown in Fig. 1 . Here the diameter and thickness of the substrate were fixed at 1 µm and 2 µm, respectively. From this figure, it is clear that (i) multiple peaks are present in these spectra due to the constructive coupling of lower as well as higher order modes (multipolar plasmon modes (MPMs)) of nanoshells at nanogap and the origin of the MPMs is due to the significant increment of dielectric perturbation with the dimensions of the substrate, (ii) the type of excitation light has significant effect on the intensity of the peaks, (iii) the wavelength locations of these peaks are found sensitive to the direction of k exc and this indicates that the strength of the dielectric perturbation is dependent on the direction of k exc , and (iv) among all the cases, the electric field at the nanogap is larger in the case of TI with the PW.
When the t is increased from 1 µm to 2 µm then significant change is observed in shape of the near-field spectra which represents the variation of the dielectric perturbation with the t. Here also, more electric field is observed at the nanogap of top illuminated nanodimer with PW and wavelength locations of the peaks are sensitive to the direction of k exc and type of excitation light. In order to understand the effect of d on the spectra, the value of d is varied from 2 µm to 4 µm and the obtained near-field spectra are shown in Panel (c). From Panels (b) & (c), we can easily conclude that wavelength locations of the peaks are also sensitive with the d which clearly indicates the dependence of the dielectric perturbation on the d along with the t. It is worthy to mention here that shape of the spectra and wavelength locations of the modes are sensitive to the type of excitation light as well as the direction of k exc . Thus, the "plane wave approximation" is invalid for understanding the plasmonic properties of substrate-supported nanodimers excited by FGB, as long as the substrate dimensions are the in order of micrometers. 
Far-Field Scattering Spectra of Nanoshell Dimers Placed Over Microscale Dielectric Substrates
To understand the role of direction of k exc on the far-field plasmonic properties, the far-field scattering spectra [33] of substrate-supported single nanodimers were calculated by varying the direction of k exc . Fig. 5 shows the calculated far-field scattering spectra of top and bottom illuminated single nanodimers placed over dielectric substrates of different dimensions. From Panels (a) and (b), it is clear that the multipolar plasmon modes are present in both scattering spectra, and wavelength locations of the modes are sensitive with the direction of k exc . From the broadband scattering spectra shown in insets of Panels (a) and (b), it is apparent that the modes are more prominent in the case of bottom illumination due to the increase of dielectric perturbation [27] .
When the t was increased from 1 µm to 2 µm, then relatively larger number of modes were observed (Panels (c) and (d)). This could be due to the existence of the plasmon resonances as well as Mie scattering resonances as like in Ref. [18] . In this case, the existence of the Mie resonances [34] is possible due to the larger dimensions of the substrate [18] . Based on insets of Panels (c) and (d), we can easily conclude that the modes present at the lower wavelength portion of broadband spectra are significantly prominent in the case of bottom illumination due to the increase of dielectric perturbation as mentioned above. Here it is worthy to mentioned that the direction of k exc also has significant role on the far-field scattering spectra.
Conclusion
We have successfully performed numerical investigation on nano-and micro-scale dielectric substrates-supported nanoshell dimers by varying the type of excitation light and direction of k exc . Fig. 5 . Far-field scattering spectra of top and bottom illuminated single nanoshell dimers placed over dielectric substrates of different dimensions. These dimers were excited with PW. The broadband spectra were shown as insets in respective panels. Here, σ sca is the scattering cross-section.
Only one peak has been observed in the near-field spectra of free-standing nanodimers due to the constructive coupling of lower order (fundamental) modes of nanoshells at the nanogap. This peak has been slightly red shifted in the presence of the nano-scale dielectric substrate. In addition, the near-field spectra have been found nearly independent with type of excitation light and direction of k exc . These clearly indicate that the dielectric perturbation originated due to the nano-scale substrate is weak and its strength is nearly independent with the type of excitation light and direction of k exc . However, multiple peaks have been observed in the near-field spectra of micro-scale substrate supported nanodimers due to the constructive coupling of lower as well as higher order modes (multipolar modes) of nanoshells at the nanogap. In contrast, (i) the height of the peaks has been found sensitive with the type of the excitation, and (ii) the wavelength locations of the peaks have been found dependent upon the direction of k exc due to the variation of dielectric perturbation with the direction k exc . Based on these observations, it is clear that the "plane wave approximation" in FEM does not reveal the correct plasmonic responses of micro-scale substrate-supported metal nanostructures illuminated by FGB. In addition, more complex far-field scattering spectra have been observed for the case of micro-scale substrate-supported nanodimers due to the presence of higher order plasmon modes and Mie scattering resonances of the dielectric substrate. The direction of k exc has been found to have significant role even on the far-field scattering spectra of nanostructures placed over micro-scale substrate. We believe, the current results will be helpful to the research community for optimizing the responses of nanoplasmonic devices.
